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Botryllus schlosseri is a colonial marine urochordate in which all adult organisms (called zooids) in a colony die
synchronously by apoptosis (programmed cell death) in cyclical fashion. During this death phase called takeover, cell
corpses within the dying organism are engulfed by circulating phagocytic cells. The “old” zooids and their organs are
resorbed within 24–36 h (programmed cell removal). This process coincides temporally with the growth of asexually derived
primary buds, that harbor a small number of undifferentiated cells, into mature zooids containing functional organs and
tissues with the same body plan as adult zooids from which they budded. Within these colonies, all zooids share a ramifying
network of extracorporeal blood vessels embedded in a gelatinous tunic. The underlying mechanisms regulating
programmed cell death and programmed cell removal in this organism are unknown. In this study, we extirpated buds or
zooids from B. schlosseri colonies in order to investigate the interplay that exists between buds, zooids, and the vascular
system during takeover. Our findings indicate that, in the complete absence of buds (budectomy), organs from adult zooids
underwent programmed cell death but were markedly impaired in their ability to be resorbed despite engulfment of
zooid-derived cell corpses by phagocytes. However, when buds were removed from only half of the flower-shaped systems
of zooids in a colony (hemibudectomy), the budectomized zooids were completely resorbed within 36–48 h following onset
of programmed cell death. Furthermore, if hemibudectomies were carried out by using small colonies, leaving only a single
functional bud, zooids from the old generation were also resorbed, albeit delayed to 48–60 h following onset of programmed
cell death. This bud eventually reached functional maturity, but grew significantly larger in size than any control zooid, and
exhibited hyperplasia. This finding strongly suggested that components of the dying zooid viscera could be reutilized by the
developing buds, possibly as part of a colony-wide recycling mechanism. In order to test this hypothesis, zooids were
surgically removed (zooidectomy) at the onset of takeover, and bud growth was quantitatively determined. In these
zooidectomized colonies, bud growth was severely curtailed. In most solitary, long-lived animals, organs and tissues are
maintained by processes of continual death and removal of aging cells counterbalanced by regeneration with stem and
progenitor cells. In the colonial tunicate B. schlosseri, the same kinds of processes ensure the longevity of the colony (an
animal) by cycles of death and regeneration of its constituent zooids (also animals). © 2002 Elsevier Science (USA)
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The regeneration of organs and tissues in adult verte-
brates is largely carried out by specialized sets of stem and
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All rights reserved.progenitor cells (for reviews, see Weissman, 2000; Lagasse
et al., 2001). The evolution of tissue development and
regeneration by stem cells can be traced to several complex
solitary metazoans, such as Drosophila melanogaster (Mar-
golis and Spralding, 1995), but clonal colonial organisms as
advanced as urochordates exhibit an interesting variation
on this theme. These organisms undergo cyclical asexual6429. E-mail: lauzonr@union.edu.333
budding cycles as adults, wherein new organisms with
distinct, complex organs and tissues are derived from buds
that harbor undifferentiated (stem and progenitor?) cells.
The asexually derived organisms contain both somatic and
germline tissues, all of which appear to be derived from
cells in the common vascular system that connects all
members of the colony (Stoner and Weissman, 1996; Stoner
et al., 1999). As the new generation of buds develop to
organisms, at some point, the organs of the parent colony
members undergo a synchronized wave of programmed cell
death, and the dying tissues are cleared by circulating
phagocytic cells available to both generations in the colony
(Lauzon et al., 1992, 1993). This has its counterpart in
solitary organisms; programmed cell death is coincident
with programmed cell removal by phagocytes (Lagasse and
Weissman, 1994). Thus, these complex colonial urochor-
dates offer the possibility of studying programmed cell
death and removal, adult stem and progenitor cell-
dependent organogenesis, and the potential relationships
between these two apparently independent life-history pro-
cesses. We have focused our studies on one particular
urochordate species, Botryllus schlosseri, which also exhib-
its a genetically defined highly polymorphic histocompat-
ibility locus that can prevent the establishment of inter-
colony vascular fusions that lead to chimerism (Scofield et
al., 1982; Stoner and Weissman, 1996).
B. schlosseri is a clonally modular ascidian which inhab-
its shallow waters and harbors throughout the world (Ber-
rill, 1950). Colonies are derived from a sexually produced,
tadpole larva equipped with a chordate body plan. Follow-
ing a brief free-swimming phase, the tadpole settles onto a
solid surface and undergoes metamorphosis, resulting in
the loss of its chordate features (Milkman, 1967; Sabbadin,
1969). The derived oozooid is a sessile, filter-feeding organ-
ism that reproduces asexually to generate buds that are
genetically identical to one another. Within approximately
1 week at 16°C, the oozooid regresses as the first asexual
(blastogenic) generation of buds simultaneously reaches
functional maturity into filter-feeding zooids (Berrill,
1941a; Sabbadin, 1969). Buds originate as outgrowths from
the lateral wall of parent zooids at a site near their antero-
ventral end and are comprised of an outer epidermis, an
inner atrial epithelium, and circulating blood cells in be-
tween the two layers (Berrill, 1941a,b, 1951; Sabbadin, 1969;
Izzard, 1973). Throughout their development, buds remain
connected to their parent zooids and to the remainder of the
colony by means of extracorporeal blood vessels embedded
in the investing tunic (Burighel and Brunetti, 1971; Sabba-
din et al., 1975; Zaniolo et al., 1976; Mukai et al., 1978).
These vessels collect into a marginal vessel, from which
numerous ampullae branch out at the colony’s periphery
(Milkman, 1967). Colonies are typically made up of three
overlapping blastogenic generations: the adult zooids and
the primary and secondary buds. As a result, the life cycle of
a B. schlosseri colony consists of such blastogenic genera-
tions which succeed one another in periodic fashion, each
lasting approximately 1 week at 16°C (Sabbadin, 1969;
Lauzon et al., 1992). Since buds are derived from both the
right and left sides of the zooid’s body wall, several buds
may be produced from each zooid (Sabbadin, 1969). Thus,
with every new blastogenic generation, the number of
zooids increases in a colony, and in time, the zooids arrange
themselves into discrete flower-shaped modules called sys-
tems (Milkman, 1967).
Two striking features contribute to the dynamics of the
blastogenic cycle in a B. schlosseri colony. First, all three
blastogenic generations exhibit developmental synchrony
(Milkman, 1967; Sabbadin, 1969). Watanabe (1953) has
shown that the colonial matrix, by way of the vascular
connections between zooids and buds, regulates the timing
of asexual reproduction in Botryllus. If systems of zooids
are experimentally separated from each other, by severing
their vascular connections, developmental synchrony is
lost. Conversely, if these connections are reestablished,
synchrony is restored (Watanabe, 1953). Second, the entire
generation of adult zooids dies synchronously every week at
the conclusion of the blastogenic cycle (Milkman, 1967;
Sabbadin, 1969). During this process, called takeover, zoo-
ids shut down their oral and anal siphons and undergo a
polarized contraction along their anteroposterior axes
(Lauzon et al., 1992). This is followed by a massive apopto-
sis of the zooid viscera, which include the branchial sac,
digestive system, endostyle, neural complex, and heart
(Burighel and Schiavinato, 1984; Lauzon et al.,1993).
Within 24–36 h, cell corpses are engulfed by blood-derived
phagocytes which invade the peribranchial cavity, and the
zooid is reduced to the size of a small vesicle that is
reabsorbed within the vascular system (Lauzon et al., 1992,
1993). Interestingly, the heart is the last organ to die, as
heart pulsations within the regressing zooid continue for
approximately 20–24 h (Burighel and Brunetti, 1971;
Lauzon et al., 1992; 1993). We (Lauzon et al., 1993, 2000)
have hypothesized that this uninterrupted flow of blood
facilitates clearance of engulfed cell corpses by phagocytes.
However, the fate of phagocytic cells following takeover
has remained unclear.
The underlying mechanisms that regulate takeover in a
B. schlosseri colony are poorly understood, as is any pos-
sible linkage to the development of new buds/zooids. Sab-
badin (1956a,b, 1969) noted that the resorption of adult
zooids during takeover normally coincided with the simul-
taneous growth of primary buds to functional maturity,
implying some degree of crosstalk between buds and zooids
within a colony. It is plausible that the bud could play a role
in signaling the adult zooid to die. Conversely, the adult
zooid could provide more than stem/progenitor cells for the
new bud, perhaps serving as a source of growth factors and
nutrients made available to the growing bud as the zooid
dies and undergoes resorption. Here, we have carried out a
comprehensive microsurgical analysis to investigate the
interplay that exists between buds and zooids during take-
over in B. schlosseri.
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MATERIALS AND METHODS
Maintenance of Animals under Laboratory
Mariculture
Wild colonies of the colonial ascidian B. schlosseri were scraped
off and collected from algal blades attached to floating docks at the
Eel Pond in Woods Hole (MA) during the summer of 1992 and the
Monterey Bay Marina (Monterey, CA) during the summers of
1999–2001. These colonies were subsequently tied to glass slides
and submerged in 17-liter running filtered sea water tanks at the
Hopkins Marine Station (Pacific Grove, CA) or Marine Biological
laboratory (Woods Hole, MA). Monterey and Woods Hole B. schlos-
seri are very similar morphologically. In addition, prospective
matings carried out between Monterey and Woods Hole Botryllus
populations have also demonstrated that fertile F1 progeny could be
obtained from such crosses (Boyd et al., 1990). Clutches of free-
swimming tadpole larvae were captured onto vertically-placed 5 
7.5-cm glass slides. The juveniles and asexually growing colonies
were raised under controlled laboratory mariculture conditions, as
previously described (Boyd et al., 1986). All colonies described in
this paper were mature colonies ranging between 1 and 6 months
old. Clonal replicates were generated from multisystem colonies by
severing blood vessels and tunic matrix with a razor blade and
adhering the fragmented pieces onto separate glass slides.
Developmental Staging of B. schlosseri Colonies
Clonal replicates were developmentally staged prior to surgery
with the use of a stereomicroscope, using morphological character-
istics of the primary and secondary buds for stages A through C of
the blastogenic cycle, and by zooid morphology for stage D (take-
over) as previously described (Lauzon et al., 1992; Lauzon et al.,
1996). Key morphological characteristics for each developmental
stage are described and illustrated in Table 1.
Microsurgeries
B. schlosseri colonies adhered to glass microscope slides were
placed onto a slide support confined within a plastic petri dish and
submerged in filtered sea water. All surgeries were carried out with
the use of a Wheeler dissecting knife (Ernest Fullam, Inc., Latham,
NY) under a binocular stereomicroscope (Stemi SV 6, Carl Zeiss,
Germany). The surgical manipulations could only be performed on
the dorsal surface of the colony (the surface which is opposite to the
one adhering to the glass slide). However, observations were made
from both the ventral (adhering to the glass slide) and dorsal
surfaces every 12 h (and in some cases, every 6–8 h) in both
unmanipulated and surgically manipulated colonies. Zooid length
(in mm) was used as an index of zooid size, and all subsequent
measurements were likewise carried out under a stereomicroscope
equipped with an ocular micrometer. In this study, four types of
surgeries were carried out and are illustrated schematically in Fig.
1. In control colonies, zooids are arranged in the form of flower-
shaped modules called systems, which in turn are embedded in a
gelatinous matrix, the tunic (Fig. 1A). Colonies can harbor one or
more systems of zooids. The marginal blood vessels empty at the
colony’s periphery into structures called ampullae (Fig. 1A). Buds
are derived from the right and left sides near the anteroventral end
of the zooid. Under laboratory mariculture, zooids produced on
average one to two buds (Fig. 1A).
Budectomy. All primary buds (and their attached secondary
buds) were removed from small colonies ranging in size from one to
four systems of zooids (Fig. 1B) between stages A-1 and C-2 of the
blastogenic cycle (details of which are summarized in Table 1). A
small incision was first made within the gelatinous tunic between
the parent zooid and primary bud. The incision was then extended
toward the posterior end of the zooid, and the tunic was peeled off
from the bud. The peduncular vessels joining parent zooid and
primary bud were subsequently severed, as was the radial vessel
joining the bud to the colonial vasculature. Small periodic cuts
were then made around the entire bud, and the knife was finally
placed underneath it to dislodge it from the colony. Since this
surgical procedure was inevitably accompanied by some damage to
the colonial matrix, sham surgeries were also carried out in clonal
replicates to control for the possibility that mechanical stress could
alter features of the blastogenic cycle nonspecifically. Sham sur-
geries consisted in generating slits through the tunic, into the
colonial matrix and severing radial vessels.
Hemibudectomy (half the number of buds removed). All buds
were removed from only one-half of the number of zooid systems
present in a colony. Thus, if there were two systems of zooids, buds
were removed from only one of those systems (Fig. 1C).
Hemibudectomy (one bud per system remains). All buds were
removed as described above, leaving only a single primary bud (and
its attached secondary bud) linked to one of the zooids in a single
system of zooids (Fig. 1D).
Zooidectomy. Here, all parental zooids were removed from
single system zooids at the onset of takeover, immediately follow-
ing shutdown of oral and anal siphons (Fig. 1E). Removal of zooids
at this stage (stage D; see Table 1), when filter-feeding effectively
ceased, was deemed crucial in order to prevent nutrient deprivation
to the developing buds that would otherwise have occurred had
surgery been carried out between stages A-1 and C-2 of the
blastogenic cycle. Indeed, previous studies have shown that, when
zooids are removed earlier in the blastogenic cycle, many buds lose
the ability to reach functional maturity (Zaniolo et al., 1976). A
small incision was first made within the gelatinous tunic at the
zooid’s posterior end near the anal siphon. The incision was then
extended toward the anterior end of the zooid halfway between the
right and left sides. The tunic was peeled off from the zooid mantle
in both directions. The peduncular vessels joining parent zooid and
primary bud were severed as a result of this surgery. Small periodic
cuts were then generated around the entire zooid, and the knife was
finally placed underneath to dislodge it from the colonial matrix.
This bud removal procedure was also accompanied by some dam-
age to the colonial matrix as well as additional blood vessels. Thus,
sham-surgeries were also carried out in parallel on clonal repli-
cates. These surgeries consisted in generating small incisions
through the tunic, severing of marginal vessels, and disrupting the
internal architecture of the degenerating zooid without physically
removing it from the colonial matrix.
Histology
Individual systems were isolated with a razor blade from surgi-
cally manipulated colonies at 12, 24, 36, 48, and 72 h following the
onset of takeover and fixed in Polycon dishes (Polysciences, Inc.,
Warrington, PA) containing 1% paraformaldehyde/filtered sea wa-
ter (FSW) for 2 h at 4°C on an orbital shaker. Specimens were
subsequently washed twice each in FSW and, subsequently,
phosphate-buffered saline (pH 7.4). They were infiltrated overnight
at 4°C and embedded in JB-4 Plus plastic (Polysciences, Inc),
according to the manufacturer’s specifications. Serial sections
2-m thick were cut with a Histoknife (Diatome, Inc., Switzerland)
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TABLE 1
Developmental Stages in the Blastogenic Cycle of Botryllus schlosseri
Developmental stage Characteristics of each stage
Morphology of primary and
secondary buds
A-1 ● Onset of new cycle: zooid’s oral and excurrent siphons open
● Secondary bud evaginates from lateral wall of primary bud
A-2 ● Skewing of secondary bud towards anterior hemisphere of
parent zooid
B-1 ● Heartbeat begins in primary bud
B-2 ● Secondary bud forms a closed double-layered vesicle
C-1 ● Organogenesis begins in the secondary bud
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along the zooid’s anteroposterior axis, as previously described
(Lauzon et al., 1992, 1996, 2000). Individual sections on glass slides
were stained with a 0.05% toluidine blue/2.5% sodium bicarbonate
solution, mounted with Permount (Fisher, Nutley NJ), and ob-
served under bright field microscopy (Olympus BX-60 model,
NY/New Jersey Scientific, Inc., Middlebush, NJ). For fluorescent
staining of nuclei, tissue sections were incubated with DAPI (1
g/ml diluted in phosphate-buffered saline, pH 7.4) for 5 min at
room temperature in the dark. Sections were then observed under
epifluorescence microscopy (Olympus BX-60 model).
RESULTS
Surgical Removal of Buds Impairs Zooid
Resorption but Does Not Prevent Programmed Cell
Death in B. schlosseri
In the first series of surgeries, all buds were removed from
systems of zooids at various stages of the blastogenic cycle
(complete budectomy). A total combined 62 budectomies
were carried out on both Woods Hole and Monterey Botryl-
lus colonies (Table 2). The morphological features of zooid
resorption were then compared with either unoperated or
sham-operated control clonal replicates. Zooids from unop-
erated, control colonies initiated takeover with the charac-
teristic closure of both oral and anal siphons followed by a
gradual loss of responsiveness to mechanical stimuli, as
previously described (Lauzon et al., 1992). By 12 h following
the onset of takeover, zooids had visibly contracted and
were actively being resorbed as the new generation of
asexually derived buds was undergoing active growth and
differentiation (Fig. 2A). At this time, engulfed cell corpses
from dying visceral tissues were observed within phago-
cytic cells that had invaded the peribranchial cavity of
zooids (Fig. 2B). By 24 h, the prefunctional zooids had
arranged themselves into discrete flower-shaped modules
(systems), and the “old” generation of zooids was almost
completely resorbed (Fig. 2C). Sham-operated clones be-
haved in a manner indistinguishable from unoperated con-
trols (data not shown). Siphon shutdown was also observed
in zooids from all 62 budectomized B. schlosseri colonies
from either Woods Hole or Monterey Bay. Zooids from
these colonies also exhibited a prominent bilateral midline
contraction in the zooid mantle (Fig. 3A). This observed
morphological feature in budectomized animals will not be
further discussed here and will be the subject of a separate
communication.
At 24 h postonset of takeover, zooids from budectomized
colonies did not exhibit any appreciable macroscopic re-
sorption (Fig. 3A). However, analysis of histological sec-
tions revealed the presence of numerous blood-derived
phagocytes harboring engulfed cell corpses within the peri-
branchial cavity of regressing zooids (Fig. 3C). By 72 h,
zooids had poorly resorbed and remnants of visceral organs
as well as phagocytic cells harboring engulfed cell corpses
were still visible in the peribranchial cavity (Fig. 3B, D) and
throughout the colonial vasculature (not shown). Interest-
ingly, the hearts of these regressing zooids continued their
vigorous pulsations for at least 48 h (Table 2), but ceased by
60 h postonset of takeover. The kinetics of zooid resorption
in colonies subjected to complete budectomy was also
quantified by carrying out measurements of zooid length
throughout takeover. In contrast with the experimental
controls, zooid resorption in budectomized colonies was
severely curtailed (Figs. 4A–4C). The removal of buds at the
beginning (stage A-2; Fig. 4A), middle (stage B-2; Fig. 4B), or
late (stage C-2; Fig. 4C) stage of the blastogenic cycle
TABLE 1—Continued
Developmental stage Characteristics of each stage
Morphology of primary and
secondary buds
C-2 ● Primary subdivisions are completed in the secondary bud
● Pigment cells accumulate in outer epithelium of primary bud
D ● Onset of takeover: shutdown of oral and excurrent siphons
● Dorsal movement of buds and polarized contraction of zooid
along its antero-posterior axis
● Programmed cell death: massive apoptosis of visceral tissues
● Programmed cell removal: engulfment of cell corpses by blood-
derived phagocytes
● Cessation of heartbeat in zooid
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equally impeded the rate at which zooids were resorbed. Thus,
absence of buds did not appear to prevent zooid death, but in
contrast to zooids from control colonies, which were com-
pletely resorbed within 36 h, zooid resorption in budecto-
mized colonies occurred over a period of 5–6 days (Table 2).
Bud-Mediated Resorption of Zooids during Takeover
Is Dependent upon the Colonial Vasculature
The above-described findings indicated that buds were
essential to the resorption process of zooids during take-
FIG. 1. Types of microsurgeries carried out on B. schlosseri colonies. (A) Control system of five zooids with primary and secondary buds.
Also depicted is the marginal vessel, which empties into the peripheral ampullae. Other colonial blood vessels are not shown. (B)
Budectomized system of zooids in which all primary and secondary buds have been surgically removed. (C) Hemibudectomy in which half
the number of buds were removed in a colony composed of two flower-shaped systems of zooids. All buds were removed from one of the
systems, but the connecting blood vessels were left intact between the two systems. The bidirectional arrow indicates the flow of blood
within colonial vessels. (D) Hemibudectomy (one bud remains): here, buds were removed from a system of zooids, leaving only a single
primary bud. (E) Zooidectomy: zooids were removed at the onset of takeover, leaving all of the buds intact. The dashed oval patterns reveal
the location of adult zooids prior to surgery.
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over. We next sought clues to the underlying mechanism
responsible for this process. The functional involvement of
the colonial vasculature was investigated. It is well docu-
mented that zooids and buds in a colony are joined by an
extracorporeal vasculature and that adjacent systems of
zooids are also interconnected by means of blood vessels
(Milkman, 1967; Mukai et al., 1978). It could be argued that
engulfed cell corpses circulating through the colonial vas-
culature could subsequently be taken up by the developing
buds in a colony. Consequently, one would predict that a
system of zooids harboring buds should be capable of
facilitating the resorption of visceral tissues from an adja-
cent system of zooids that had its buds removed. In order to
investigate this possibility, hemibudectomies were per-
formed at various stages of the blastogenic cycle, in which
buds were removed from half of the number of zooids in
colonies consisting of two or more systems of zooids. A
total combined 75 microsurgeries were carried out on
Woods Hole and Monterey Botryllus colonies (Table 2). The
morphology and kinetics of takeover in these colonies were
then compared with unoperated or sham-operated control
clonal replicates. Removal of buds in one of the systems of
zooids, while resulting in the severing of blood vessels
between zooids and buds, did not adversely affect colony
viability (Fig. 5A). Zooids from both bud-deprived and
control systems in these colonies initiated takeover by the
shutdown of their siphons and had contracted by 12 h
postonset (Fig. 5B). By 36 h following the onset of takeover,
systems of zooids from which all buds had been removed
were being resorbed simultaneously with the parabiotically
joined control systems (Fig. 5C), and zooid resorption was
completed in the whole colony within 48 h (Fig. 5D). The
kinetics of zooid resorption in these multisystem colonies
were also quantitatively determined by measuring zooid
length and compared with unoperated control clonal repli-
cates (Fig. 4). Irrespective of the developmental stage of a
colony from which buds were removed, the presence of
interconnecting blood vessels rescued the resorption of
budectomized systems of zooids at a rate that was identical
to controls (Figs. 4A–4C) or slightly delayed from the
controls (Fig. 4C). In addition, heart pulsations within the
zooids of these multisystem colonies were not detectable
beyond 24 h following the onset of takeover (Table 2).
A Single B. schlosseri Bud Restores Zooid
Resorption and Undergoes Growth of Self during
Takeover
The above findings strongly suggested that, during take-
over, a cooperative relationship existed between developing
buds and the colonial vessels that vascularized them. These
results further revealed that, despite an absolute require-
TABLE 2
Summary of Bud Microsurgeries
Surgery
Stage of the blastogenic cycle for microsurgery
A-1 A-2 B-1 B-2 C-1 C-2
Complete
budectomy
Number of surgeries from:
Woods Hole 0 3 5 3 8 2
Monterey Bay 2 11 10 10 6 2
Zooid heartbeata 2/2 14/14 15/15 13/13 14/14 4/4
Complete zooid resorption 120–144 h
Hemibudectomyc Number of surgeries from:
Woods Hole NDb 1 2 5 5 3
Monterey Bay ND 9 18 15 12 5
Zooid heartbeata
Operated system(s) ND 0/10 0/20 0/20 0/17 0/8
Control system(s) ND 0/10 0/20 0/20 0/17 0/8
Complete zooid resorption ND 36–48 h
Hemibudectomyd Number of surgeries from:
Woods Hole ND ND ND ND ND ND
Monterey Bay ND 6 13 11 11 6
Zooid heartbeata ND 0/6 0/13 0/11 0/11 0/6
Complete zooid resorption 48–60 h
a Stereomicroscopic observations at 48 h postonset of takeover.
b Not done.
c Microsurgeries carried out on colonies made up of two or more systems of zooids, in which buds were removed from half the number
of zooids.
d Microsurgeries carried out on single system colonies, in which only one bud was left intact.
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ment for buds in optimizing resorption of the zooid viscera,
direct contact between buds and zooids was not required.
However, these studies did not offer insight into the mini-
mal number of buds that were required to mediate zooid
resorption. In order to address this question, hemibudecto-
mies were carried out on single systems of zooids at various
stages of the blastogenic cycle, leaving only a single primary
bud (and its accompanying secondary bud) to reach func-
tional maturity. A total combined 47 microsurgeries were
carried out on Monterey B. schlosseri colonies only (Table
2). The morphology and kinetics of takeover in these
colonies were then compared with unoperated or sham-
operated control clonal replicates. As with previous surger-
ies, removal of buds in these systems of zooids did not
adversely affect colony viability (data not shown). Our
findings revealed that zooids from bud-deprived systems
also initiated takeover as assessed by the shutdown of their
siphons (Fig. 6A). By 12 h following the onset of takeover,
zooids had clearly begun to resorb (Fig. 6B), and by 36 h,
substantial zooid resorption had already taken place (Fig.
6C). These observations reproducibly occurred irrespective
of the developmental stage of a colony from which buds
were removed (Table 2). Depending on the number of zooids
present in these single-system colonies, resorption could be
completed within 48 h (Fig. 6D), but could require up to
60 h for systems containing greater numbers of zooids. An
additional, unexpected observation was made during the
course of these hemibudectomies. When a single bud was
allowed to reach functional maturity, it increased in size,
ultimately reaching dimensions that were approximately
four to five times larger at maturity than control zooids (Fig.
6D). Fluorescent DAPI staining of nuclei in tissue sections
further revealed that this increase in zooid size primarily
resulted from an increase in the number of cells present
(hyperplasia) within visceral organs of zooids of hemibudec-
tomized colonies (Fig. 6F) when compared with zooids from
control colonies (Fig. 6E).
Resorbed Zooids Are Recycled by Developing Buds
during Takeover in B. schlosseri
The unexpected overgrowth of the single-bud colonies
described above led us to propose the involvement of a
colony-wide recycling mechanism whose function would
be to shuttle visceral components of the dying zooid into
the developing buds. This recycling mechanism, in turn,
could account for the dramatic increase in bud size ob-
served during takeover. In order to address this possibility
more directly, the “old” generation of adult zooids was
surgically removed at the onset of takeover from genotypi-
cally distinct, single system colonies from Monterey Bay.
Since zooid feeding persists until the oral siphon shuts
down at the onset of takeover, this phase of the blastogenic
cycle was selected over other phases to minimize detrimen-
tal effects to the developing buds. Bud growth and differen-
tiation are dependent on nutrients provided by the filter-
feeding zooids, which are supplied by blood vessels
FIG. 2. Normal takeover in B. schlosseri. Stereomicroscopy observa-
tions in a representative control colony from Woods Hole (MA) during
takeover. (A) At 12 h postonset, the “old” zooids have contracted and
are becoming resorbed as the buds from the next asexual generation
are completing differentiation and growth. (B) Toluidine blue-stained
tissue section at 12 h postonset of takeover depicting macrophages
harboring engulfed cell corpses in the zooid’s peribranchial cavity.
(C) The same colony at 24 h postonset of takeover: at this time, the
buds have assembled into discrete flower-shaped systems and the
“old” zooids are almost completely resorbed. Abbreviations: amp,
ampullae; Ant, anterior end of the zooid; bl, blood; epi, epidermis; h,
heart; int, intestine; mac, macrophages pbc, peribranchial cavity; post,
posterior end of the zooid. Scale bars equal 1 mm (A, C) and 100 m (B).
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throughout blastogenesis. Consequently, by surgically re-
moving zooids following siphon shutdown, the negative
impact of food deprivation on bud and colony viability was
prevented. Bud growth was quantitatively monitored over a
96-h period and compared with unoperated and sham-
operated control colonies. With the unoperated control
colonies, buds normally doubled in length within 36 h from
the onset of takeover, before reaching functional maturity
as filter-feeding zooids of the next asexual generation (Fig.
7A). The average zooid length in the control colonies (N 
6) was 2.02  0.11 mm (Fig. 7D). In representative sham-
operated controls, the flow of blood was damaged within
each zooid without physically removing the zooid from the
colonial matrix. The average zooid length in these colonies
(N  7) was 1.97  0.21 mm (Fig. 7D). Thus, these colonies
also exhibited a doubling in bud length, albeit with delayed
kinetics (Fig. 7B). In these animals, final zooid size was
attained between 60 and 84 h postonset of takeover, instead
of 36 h seen with unoperated controls. In contrast, bud
growth from zooidectomized colonies (N  9) was severely
curtailed (Fig. 7C), reaching an average length of 1.47 0.21
mm among the different genotypes (Fig. 7D).
DISCUSSION
The main findings presented in this paper indicate that
the massive phase of programmed cell death, which occurs
in adult zooids of a B. schlosseri colony at the conclusion of
its blastogenic cycle, can proceed in the complete absence
of asexually derived buds. However, buds appear to play a
pivotal role in the resorption of cell corpses from the zooid
viscera (programmed cell removal), and their growth and
maturation require the recycling of zooid visceral compo-
nents to the developing buds via the colonial vasculature. B.
FIG. 3. Budectomy impairs zooid resorption in Monterey B. schlosseri colonies. Dorsal views observed by stereomicroscopy (A, B) and
toluidine blue-stained histological sections (C, D) taken at 24 (A, C) and 72 h (B, D), respectively, following onset of takeover in a
representative colony in which all buds were removed. (A) At 24 h, zooids exhibit a bilateral contraction around the midline of their body
wall (black arrows). The oral and excurrent siphons have shut down, but zooid resorption is minimal in the absence of buds. (B) At 72 h,
zooids from the same colony have not completely resorbed. (C) Ventral section depicting the regressing endostyle and peribranchial cavity
invaded with numerous blood phagocytes/macrophages (black arrows) containing engulfed cell corpses. (D) Ventral section near the
posterior end of the zooid at 72 h. Phagocytes (black arrows) and visceral remnants of the stomach are still visible. Abbreviations: en,
endostyle; int, intestine; sto, stomach. Scale bars equal 1 mm (A, B), 200 m (C), and 100 m (D).
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schlosseri exhibits two genetically defined plans for organ-
ismal development: via sexual reproduction wherein the
steps and presumably the processes are similar to vertebrate
development, and via asexual budding wherein no step
morphologically resembles a vertebrate developmental
stage (reviewed in Magor et al., 1999). But here and else-
FIG. 4. Surgical removal of buds inhibits zooid resorption in Woods Hole B. schlosseri colonies. Average zooid length (mm) was
determined for control and surgically manipulated clonal replicates prior to takeover and over the first 36 h following the onset of takeover.
Surgeries were carried out on colonies at stages A-2 (A), B-2 (B), and C-2 (C) of the blastogenic cycle. Hemibudectomies were carried out
on colonies made up of two to four systems of zooids, and buds were removed from half the number of zooids in each of the colonies. Data
depicted in each graph were collected from clonal replicates derived from three genotypically distinct colonies, respectively. Error bars
indicate the standard deviation from the mean length of zooids.
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FIG. 5. Colonial blood vessels and buds collaborate to resorb zooids during takeover in Monterey B. schlosseri. A representative colony
comprised of two systems of zooids, in which buds were removed only from the system on the right side. Both systems are connected via
extracorporeal blood vessels. Surgery was carried out at stage B-1 of the blastogenic cycle. Observations were recorded by stereomicroscopy
at stage C-2 of the blastogenic cycle, approximately 24 h prior to the onset of takeover (A), and following its onset at 12 (B), 36 (C), and 48 h
(D). The previous blastogenic generation of zooids from both control and operated systems are completely resorbed by 48 h postonset of
takeover. (A–D) Dorsal views of the same colony. The new zooids are also larger (D) when compared with those from the previous asexual
generation (A). Scale bar equals 2 mm.
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where (Weissman, 2000), we argue that the components of
asexual development strongly resemble the cellular compo-
nents or vertebrate tissue and organ regeneration. Circulat-
ing undifferentiated cells home selectively to developmen-
tal microenvironments to regenerate somatic and gonadal
(germline) tissues. Older, infected or abnormal adult tissues
in the vertebrates are subject to intrinsic and extrinsic
signals for programmed cell death. The dead and dying cells
are subsequently scavenged by phagocytic cells involved in
programmed cell removal and are reutilized as molecular
building blocks for tissue renewal and development (Fig. 8).
In Botryllus, to a large extent, processes involved in pro-
grammed cell death, programmed cell removal, stem and
progenitor cell-homing, self-renewal, development, and
competition for developmental microenvironments can oc-
cur synchronously in organs, such that one can study whole
banks of cells simultaneously (Magor et al., 1999). On the
basis of the findings reported here, we further argue that
programmed cell death and programmed cell removal pro-
cesses are essential to the cyclical regeneration of new
organisms (Fig. 8).
Death Is a Zooid Intrinsic Process
If the cyclical death of adult zooids results from an
overwhelming demand for nutrients by the developing
buds, one would predict that removal of all buds in a colony
should extend zooid lifespan. Our findings unequivocally
indicate that, when all buds are surgically removed, zooids
still retain the capacity to die, irrespective of the develop-
mental stage at which surgery was carried out. Further-
more, none of the 62 budectomized colonies from either
Monterey Bay or Woods Hole demonstrated an increase in
the life-span of individual zooids beyond those of controls.
Our findings are thus consistent with those of Watkins
(1958). In her study, Watkins (1958) surgically removed
buds ranging from the closed vesicle (stage B-2 in this study)
to the organogenesis stage in the secondary bud (stage C-2
in this study) from a single zooid in a colony. Under these
circumstances, that zooid was observed to degenerate in
concert with the rest of the zooids in that colony. It should
be pointed out that Watkins’ experiments does not enable
one to rule out the possibility that other buds in a colony
may be functionally involved in promoting zooid death.
The findings presented in this study clearly indicate that
zooids are fully competent to die even when buds are
removed by the first day of the blastogenic cycle. However,
it may also be argued that buds could exert some antago-
nistic influence on zooid lifespan prior to the onset of a new
blastogenic generation. Alternatively, other colony compo-
nents, such as the extracorporeal blood vessels that inter-
connect all zooids in the colony, may also be involved in
promoting zooid death. These possibilities remain to be
addressed in future studies.
A Collaborative Partnership between Colonial
Blood Vessels and Buds: A Model of Zooid
Resorption
In all of the 62 budectomized colonies, the kinetics of
zooid resorption were markedly impaired when compared
with experimental controls. Zooids were still present
within these colonies after 5 days following the onset of
takeover. Conversely, in all 75 hemibudectomized colonies,
when all of the buds were removed from only one system of
zooids in colonies made up of two such systems, the rate of
zooid resorption became comparable to that of experimen-
tal controls. In fact, both control and budectomized systems
were resorbed simultaneously. Collectively, these findings
reveal that buds are active participants in the resorption of
zooids during takeover (programmed cell removal) and may
even resorb zooids from other portions of the colony if given
the opportunity to do so. The observation that a single bud
was sufficient to rescue zooid resorption supports this
contention. Furthermore, the rate of zooid resorption was
directly correlated with the number of buds present in a
colony. Thus, when only one bud remained, zooids resorbed
in approximately 48–60 h. When half of the number of buds
were removed from a colony, resorption occurred within
36–48 h. In contrast, only 24–36 h were required to resorb
zooids from experimental controls. The simplest explana-
tion that would account for these findings is that the
vasculature, which interconnects all zooids and buds in a
colony, must play an active role in the resorption process as
well. Watanabe (1953, 1962) carried out a series of compre-
hensive studies with vascular chimeras and suggested that
the integrated pattern and synchronized behavior of indi-
viduals in a B. schlosseri colony was probably the result of
some growth-promoting factor circulating within the blood.
On the basis of our findings, we are further proposing that
the circulatory system operating during takeover may ac-
FIG. 6. Presence of a single bud rescues zooid resorption during takeover in Monterey B. schlosseri. The representative colony depicted
is comprised of a single system of nine zooids in which only one primary bud was left intact. Surgery was performed at the closed vesicle
stage (stage B-2), and observations were carried out under stereomicroscopy at the onset of takeover (A), 12 (B), 36 (C), and 48 h (D) following
the onset of takeover. In this colony, the resorption of parent zooids is complete by 48 h, and the primary bud has become a functional zooid
that is significantly enlarged when compared with zooids from control colonies. In addition, several primary buds can be observed along
the anteroposterior axis of this zooid (D). (A–D) Dorsal views of the colony. DAPI staining of nuclei located at the zooid’s posterior end from
a control (E) and hemibudectomized colony (F). The hemibudectomized colony exhibits hyperplasia. Abbreviations: sto, stomach. Scale bar
equals 2 mm (A–D) and 100 m (E, F).
344 Lauzon, Ishizuka, and Weissman
© 2002 Elsevier Science (USA). All rights reserved.
tually be an integral component of the “clock” mechanism
that resets the blastogenic cycle on a weekly basis.
What specific role, then, may the colonial vasculature
perform? One clue may lie in the observation that circulat-
ing phagocytes harboring engulfed cell corpses invaded the
peribranchial cavity in zooids from budectomized colonies.
In contrast to control colonies, where phagocytes were
clearly observed within 12 h of siphon shutdown, engulfed
cell corpses could only be observed around 24 h postonset of
siphon shutdown in budectomized colonies. Thus, phago-
cytes were clearly being deployed in these colonies, pre-
sumably recognizing proengulfment molecules on the sur-
face of apoptotic cells, albeit with delayed kinetics.
However, in contrast to the experimental controls, phago-
cytes were still observed circulating throughout the vascu-
lar system for at least 72 h following the onset of takeover.
We have previously documented that phagocytic cells nor-
mally disappear from the bloodstream within 36 h of the
onset of takeover, and probably relocate within specialized
vascular islands near the anteroventral region of the new
zooids (Lauzon et al., 1993). Consequently, the role of the
colonial vasculature may be to transport phagocytic cells to
the developing buds, thus facilitating the clearance of
engulfed cell corpses from regressing zooids. Our observa-
tions are consistent with a model of zooid resorption in
which buds could utilize components of the viscera towards
their growth and maturation into filter-feeding adults. Ac-
cording to this scenario, should buds no longer be present,
phagocytes would continue recirculating throughout the
colonial vasculature, and resorption would be correspond-
ingly impeded. The phagocytes could thus be functioning as
recycling shuttles, making available macromolecules and
FIG. 7. Surgical removal of zooids at the onset of takeover (zooidectomy) curtails bud growth. Zooid surgeries were carried out on B.
schlosseri colonies from Monterey Bay. Bud growth was quantitatively determined by measuring average bud/zooid length over a 96-h
period. Colonies depicted are from three representative unmanipulated control colonies (A), two representative sham-operated colonies (B),
and two colonies in which all zooids were removed at the onset of takeover (C). All of the colonies used in these experiments were
genotypically distinct. (D) Graph depicting average zooid length at 96 h following onset of takeover in control (N  6), sham-operated (N 
7), and zooidectomized colonies (N  9). Error bars indicate the standard deviation from the mean length of zooids.
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building blocks from zooid-derived cell corpses to the new
asexual generation of buds (Fig. 8). Three observations
support this contention: First, buds double in length from
the onset of takeover until they reach functional maturity.
Second, when buds are removed from single system colo-
nies, leaving only a single bud, all zooids are resorbed and
the bud develops to functional maturity ultimately reach-
ing a greater size than control zooids. Third, when zooids
are removed at the onset of takeover, buds fail to double in
length. Our findings are completely consistent with those
of Sabbadin’s on this issue. In his experiments, all but one
bud were removed from each zooid in a colony. If dying
zooids function as a food source required for the completion
of bud development, one would predict that the single bud
remaining per parent zooid would have more “food” at its
disposal and would consequently attain a larger size. In-
deed, upon completion of development, the zooids derived
from these buds attained a greater maximal length than the
corresponding ones from experimental controls (Sabbadin,
1956a,b, 1969). Sabbadin has thus argued that buds must
compete for food made available by their parents as they
regress. Although we have not directly measured transloca-
tion of zooid visceral components into growing buds, our
findings are consistent with this model. Further experi-
ments are clearly required to address these important ques-
tions.
The Role of Phagocytes in Programmed Cell Death
and Removal in B. schlosseri
Ballarin et al. (1994) have documented the existence of at
least three populations of phagocytic cells in B. schlosseri:
hyaline amebocytes, signet ring cells, and macrophage-like
cells. Based on morphology, the phagocytic cells that in-
vaded the peribranchial cavity during takeover were prob-
ably the macrophage-like cells described by Ballarin et al.
(1994). We have previously reported that many cells of the
zooid viscera are engulfed by macrophage-like cells, often
without fragmentation into apoptotic bodies or alterations
in their cytoplasmic ultrastructure (Lauzon et al., 1993).
These findings suggest that engulfment may begin before a
cell has committed itself to die. Recent findings in the
nematode Caenorhabditis elegans have raised the possibil-
ity that some aspect of the engulfment process may be
FIG. 8. A model depicting the similarities between the organs and tissues of long-lived organisms, such as vertebrates, and cyclic
blastogenesis in B. schlosseri. In the vertebrate bone marrow, for example (A), self-renewing stem cells give rise to differentiated progeny,
which in turn are subject to homeostatic regulation by programmed cell death and programmed cell removal, with ensuing reutilization
of molecular building blocks for tissue renewal and development. In B. schlosseri (B), stem cells are segregated to the developing buds. The
derived progenitor cells ultimately differentiate into progeny cells that give rise to new organisms (zooids) by asexual budding. Both
programmed cell death and programmed cell removal processes dispose of “old” organs and tissues of the zooid. The molecular building
blocks, in turn, are reutilized for the generation of new organisms.
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actively involved in the death of cells. Mutations which
inactivate engulfment genes allow the survival and differ-
entiation of cells that would normally die (Reddien et al.,
2001; Hoeppner et al., 2001). Furthermore, in mice, pro-
grammed cell death and programmed cell removal are both
linked but independently regulated processes and are a
means to ensure cell number and cell life-span homeostasis.
We (Lagasse and Weissman, 1994) previously rendered my-
elomonocytic cells (neutrophils and monocytes) resistant to
programmed cell death (initiated by an intrinsic life-span
clock) by enforced expression of a transgenic bcl-2 anti-
apoptotic gene. Despite this, aging, bcl-2-positive neutro-
phils were still alive compared with their wild type coun-
terparts. Furthermore, these old, alive neutrophils were
distinguished from just-born neutrophils by macrophages,
which “ate them alive,” keeping overall neutrophil levels
relatively constant (Lagasse and Weissman, 1994). Blockade
of programmed cell death did not prevent the aging neutro-
phils from displaying proengulfment molecules (or retain-
ing expression of anti-removal molecules) on their surface.
Thus, even when programmed cell death fails, programmed
cell removal can lead to cell engulfment and cell death. The
findings presented here further substantiate the notion that
programmed cell death and programmed cell removal are
functionally separate, but linked events. In Botryllus, pro-
grammed cell removal involves collaboration between
phagocytic cells, extracorporeal blood vessels, and develop-
ing buds. Thus, in budectomized individuals, zooid resorp-
tion is severely curtailed despite engulfment of cell corpses
by blood-derived phagocytic cells.
Lastly, it is intriguing that, in bud-deprived colonies, the
hearts of regressing zooids continued pulsating well beyond
the time frame observed in experimental controls. In all of
the 62 budectomized colonies that were followed in this
study, heartbeat was sustained for at least 48 h following
the shutdown of siphons in the zooids, but ceased by 60 h.
For all the remaining 122 hemibudectomies carried out,
heart pulsations ceased within approximately 24 h in simi-
lar fashion to controls. While the mechanism responsible
for maintaining heart pulsations is unknown, these findings
raise the possibility that, under normal conditions, buds
may regulate the functional state of the parent zooid heart.
We (Lauzon et al., 1993) and others (Burighel and Brunetti,
1971; Mukai et al., 1978) have previously documented that
the heart is the last organ to die, as pulsations within dying
zooids continue for approximately 20–24 h, until the late
stages of takeover. We have argued that the maintenance of
a vigorous blood flow within regressing zooids may facili-
tate the removal of cell corpses by the phagocytic cells. In
the absence of buds, this regulatory mechanism would be
severely curtailed, enabling the zooid heart to sustain
vigorous pulsations for a longer period of time. By maximiz-
ing the flow of blood, resources may be reallocated in the
colony in order to ensure its survival. Events at the cellular
and molecular levels in this bud/zooid interplay will need
to be clarified in future studies.
In summary, the findings presented in this study strongly
support the concept that programmed cell death and pro-
grammed cell removal are processes that are vital for tissue
and organismal regeneration. Given the ubiquitous nature
of programmed cell death in developmental and homeo-
static processes (Jacobson et al., 1997), the recycling of
macromolecular components from cell corpses may like-
wise represent a phenomenon that is both evolutionarily
ancient and widespread in multicellular animals.
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